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ABSTRACT
Plant-fungal partnerships can affect a variety of plant reproductive traits, and some of
these traits may affect pollinator behavior. Mycorrhizal fungi reside in plant roots and provide
nutrients in exchange for photosynthetic carbon. In some cases, plants with greater fungal
colonization have enhanced reproductive traits such as floral displays and floral rewards, which
may influence pollinator behavior. The purpose of this study was to evaluate whether
colonization with mycorrhizal fungi affects pollinator visitation to highbush blueberry plants. To
investigate this relationship, we observed pollinator visitation to highbush blueberry plants that
either had or had not been inoculated at planting several years earlier. Observations were
conducted at two locations in Vermont during summer 2020: the George D. Aiken Forestry
Sciences Laboratory in Burlington, Vermont and Waterman Orchards in Johnson, Vermont.
Inoculated plants received more total visits than control plants at both sites (146:86 visits at
Aiken Labs; 414:387 visits at Waterman Orchards). However, large bumblebees spent on
average 22% longer per flower on flowers of control plants than inoculated plants at Aiken Labs
(F1,22=4.614; p=0.043), and, at Waterman Orchards, smaller bodied, orange bumblebees visited
on average 74% more flowers on inoculated plants than control plants (F1,8=6.658; p=0.0326).
Large-bodied bumblebees spent longer per plant on plants with higher fungal colonization at
Waterman Orchards, but they spent longer per plant on plants with lower fungal colonization at
Aiken Labs. Our results provide evidence that fungal communities may influence plant
investment in flowers and floral rewards in ways that matter for pollinator decision making,
which could have important implications for plant fitness.

INTRODUCTION
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Plants depend on mutualisms, and mutualistic partners may interact with each other. Two
important types of mutualisms in which plants take part are those with pollinators and with
mycorrhizal fungi. Over 80% of all angiosperms are animal pollinated (Ollerton et al. 2011), and
pollination is a valuable ecosystem service that affects crop yield and quality (Kennedy et al.
2013, Klatt et al. 2013, Nicholson and Ricketts 2019). About 80% of plants also form
partnerships with mycorrhizal fungi (Brundrett 2002), which help them to take up water and
nutrients more efficiently (Van der Heijden et al. 2017). In fact, this mutualism played an
important role in the evolution of plants from water to land (Brundrett 2002). Mycorrhizal fungi
colonize plant roots and increase plant access to water and nutrients in exchange for
photosynthetic products (Fellbaum et al. 2012). The effects that mycorrhizae have on plants may,
in turn, affect pollinator behavior and pollination success. Here, we addressed whether
inoculation with ericoid mycorrhizal fungi (ErMF) affected pollinator visitation to plants or
pollinator behavior on individual plants. We use “pollinator visitation” to describe the total
number of visits to plants and “pollinator behavior” to describe the number of flowers visited per
plant and the time spent per flower.
Pollinator visitation depends on floral traits, and floral traits, in turn, are influenced by
the resources available to plants. Pollinator visitation has often been linked to floral traits
including floral display size, flower size, and nectar volume (Galen and Newport 1987,
Thompson 2001, Mitchell et al. 2004, Gange and Smith 2005). These floral traits may be
influenced by root colonization with mycorrhizal fungi (Koide and Dickie 2002, Brody et al.
2019, Bennett and Meek 2020). In blueberry plants, fungal inoculation may increase total and
per-inflorescence flower production, and number of inflorescences (Brody et al. 2019). Because
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mycorrhizal fungi increase plant access to nutrients and enhance floral traits, it is likely that
fungal colonization affects pollinator visitation.
Mycorrhizal colonization of plants can influence behavior of insects including herbivores
and natural enemies (Gehring and Bennett 2009); however, little research has been done to
examine the influence of colonization on pollinator visitation. In one case, fungicidal repression
of natural mycorrhizal fungi lowered pollinator visitation to a variety of flowering plant species
(Cahill et al. 2008). Flowering plants inoculated with mycorrhizal fungi may be more attractive
to floral visitors than non-inoculated plants. For multiple species of annual plants, pollinators
preferentially visit inoculated plants over non-inoculated plants (Gange and Smith 2005), and
Chamerion angustifolium plants inoculated with arbuscular mycorrhizal fungi had greater
pollinator visitation and greater resulting seed set than non-inoculated plants (Wolfe et al. 2005).
However, the lasting impact of inoculation on pollinator visitation to mature plants grown in the
field is virtually unknown. The present study aims to contribute to addressing this knowledge
gap.
To examine the relationship between fungal colonization and pollinator visitation
multiple years after inoculation, we observed pollinator visitation to highbush blueberry
(Vaccinium corymbosum) plants growing in the field at two sites in northern Vermont, USA.
Blueberries are woody perennials which associate with ErMF. ErMF are a phylogenetically
diverse group of endomycorrhizal fungi that associate with plants in the Ericaceae family. ErMF
include species in both the Ascomycota and Basidiomycota. Common ascomycetes composing
ErMF include Hymenoscyphus spp. and Oidiodendron spp. (Smith and Read 2008).
The purpose of this study was to evaluate whether fungal colonization with ErMF affects
pollinator visitation to blueberry plants or pollinator behavior at individual plants. We addressed
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the following hypotheses: 1) inoculation with mycorrhizal fungi affects pollinator visitation and
pollinator behavior, 2) inoculation with mycorrhizal fungi and pollinator visitation rate are
predictors of enhanced berry production, and 3) cultivars respond differently to inoculation.

METHODS

System

Highbush blueberries are native to North America and have a fairly recent history in
cultivation. They were first cultivated in the eastern United States in the early 20th century, when
botanists vegetatively reproduced and crossed wild plants from New Hampshire and New Jersey
to create the first popular cultivars (Mainland 2012, Rivera et al. 2015). Many of these early
cultivars are still produced, as blueberry plants are propagated through cuttings or tissue culture
in order to maintain the genotypes of cultivars over time. Other common cultivars have been
produced by crossing these early cultivars (Boches et al. 2006). Highbush blueberry relies on
animal pollination (Klein et al. 2007, Button and Elle 2014) and is visited by more than 80 bee
species in Vermont (Nicholson et al. 2017).

Sites

To examine the effect of ErMF on pollinator visitation and behavior, we observed floral
visitors during summer 2020 on highbush blueberry plants at two locations: the George D. Aiken
Forestry Sciences Laboratory in Burlington, Vermont, and Waterman Orchards in Johnson,
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Vermont. At Aiken Labs, 25 plants of each of four cultivars—Bluecrop, Blueray, Duke, and
Elliot—were purchased from Hartmann’s Plant Company, Michigan, USA in 2015 when they
were four years old. They were transplanted into larger pots and, at that time, half of the plants
(13 per cultivar) were inoculated with one-third cup of BioTerra PlusTM Ericoid Mix, a peat
product containing ErMF species Oidiodendron griseum and Hymenoscyphus ericae cultured
from blueberry roots (Plant Health LLC., Oregon, USA) (Richardson, unpublished manuscript).
In 2016, the plants were transferred into the ground in two blocks— control plants were planted
in one block and inoculated plants in the other block. Plants of the four cultivars were mixed
throughout each block. All plants were spaced five feet apart, with 10 ft between each row, and
25 ft between blocks.
At Waterman Orchards, 1000 plants of 9 cultivars were planted in 2011, when they were
2 years old. At the time of planting, half of the plants were inoculated with the same inoculum
used at the Aiken site by rubbing a quarter cup of dry inoculum onto the wet root mass
(Waterman 2014). The plants were arranged in four blocks, each of which contained 10 rows of
25 plants. Each pair of two rows consisted of plants of one cultivar. Within each pair of rows,
plants were separated by treatment such that one row contained inoculated plants and the other
contained control plants. Plants were spaced with 1.5 m between plants and 3 m between rows.
In 2020, observers conducted pollinator observations and collected samples from plants of the
four cultivars which had higher levels of colonization in roots from inoculated plants in 2015
(Brody et al. 2019). These included Blue Crop, Blue Jay, Duke, and Elliot. For each cultivar, we
observed and sampled from 2 rows of 25 plants. In these rows, 7 plants were missing, so across
all cultivars we included 193 plants in our observations.
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Pollinator observations

To measure pollinator activity, we conducted observations on three days per week at
Aiken Labs and two days per week at Waterman Orchards during the entire flowering season.
Observations were taken on 6 days at the Aiken site between May 27 and June 4, 2020, and 7
days at Waterman Orchards between May 26 and June 16, 2020. Observations were conducted
between 8:00 and 18:30, with 90% of visits recorded between 8:00 and 16:00. A total of 11.8
person-hours of observation were conducted at Aiken Labs and 30.6 person-hours at Waterman
Orchards, spread evenly across all cultivars. At Waterman Orchards, two observers conducted
simultaneous observations in the inoculated and control rows of the same cultivar. Observers
then switched to prevent any treatment x observer bias. While conducting observations, each
observer spent 15-30 minutes observing plants in the row before switching and spending the
same amount of time observing plants in the opposite row. At the Aiken site, where plants were
arranged in blocks, two observers conducted simultaneous observations in the two blocks,
switching blocks at 15-30 minutes intervals and ensuring that each observer spent equal amounts
of time in the two blocks. When only one observer was present, they observed plants in the two
treatments one directly after the other, alternating which treatment to observe first. To reduce
bias, observers did not know which block was inoculated until the flowering season was finished.
During each observation, observers walked slowly along the row or through the block
until they saw a bee, and then followed that bee as it visited plants until it left the row or block.
When a bee visited a plant, the observer recorded the duration of each flower visit using a voice
recorder. In cases when the observer recorded the bee from the time that it arrived on the plant to
the time when it left the plant, they also recorded the duration of time spent at the plant and the
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total number of flowers visited on the plant. After each 15-30 minute recording interval, the
observers counted the number of open flowers on all visited plants in order to calculate percent
of flowers visited. We categorized the floral visitors visually into twelve categories. In order
from most to least common: large bumblebees, large black bees, orange bumblebees, slender
black bees, honeybees, small bumblebees, green bees, tiny black bees, medium bumblebees,
butterflies, flies, and “other”. These categories were adapted from the eight categories used by
Nicholson et al. (2017). We used observations of the three most frequent visitors (large
bumblebees, large black bees, and orange bumblebees, Figure 1) in analyses of pollinator
behavior. Orange bumblebees, Bombus ternarius, were a species that we could easily identify, so
we looked at those bees separately. All other large-bodied bumblebees, Bombus spp., were
grouped together as “large bumblebees” and all large-bodied andrenids were grouped together as
“large black bees”.

Root colonization with mycorrhizal fungi

Root scoring was done to examine A) if differences between inoculation treatments
remained after 5 years at the Aiken site and 9 years at Waterman Orchards, and B) if differences
in root colonization were strong predictors of visitation patterns. We collected root samples from
60 plants at the Aiken site and 71 plants at Waterman Orchards. We collected and washed root
samples in water in June 2020, preserving the thinnest root sections, which are easiest to clear
and tend to have higher mycorrhizal colonization (Brundrett et al. 1996). We dried samples first
to remove as much water as possible and stored samples in 70% ethanol in a refrigerator until
staining them in July and August. Samples were washed on the same day they were collected.
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Roots were cleared and stained using protocols described in Brundrett et al. (1996) and
Vierheilig et al. (1998). To remove pigment from root cells, roots were cleared with KOH.
Samples were removed from ethanol and rinsed with water three times. Portions of the samples
with thin roots were wrapped in small squares of nylon and placed in plastic cassettes. Sets of 12
cassettes were added to 200 ml of 10% KOH solution (w/v). Flasks of root samples in KOH were
then covered loosely with aluminum foil and autoclaved for 45 minutes at 121°C to clear roots.
Autoclaved roots were rinsed three times with water and left in hydrogen peroxide for 20
minutes. Ink and vinegar stain was then used to stain the fungal structures in the roots without
staining the cleared root tissue. Roots were rinsed three times again with water and placed in a
5% (Sheaffer® black) ink:vinegar solution in an 85°C water bath for 24 hours. Finally, samples
were rinsed six times with water, stored in water, and refrigerated until scoring.
We quantified the mycorrhizal colonization of roots by scoring root samples using a
compound microscope at 400x magnification. For each root sample, we placed a subsample of 4
thin root segments on a slide, ensuring that each section was taken from a different root. We
scored samples by moving the frame of reference along the length of the root, counting the
fungal structures in 200 cortical cells per sample. This method was modified from the magnified
intersections method (McGonigle et al. 1990) during which the observer moves the frame of
view up and down the slide perpendicularly to the length of the roots and counts the fungal
structures overlapping with the eyepiece crosshair each time the frame of view crosses a root
segment. We categorized fungal structures visually into five groups: blue coils, dark blue circles,
“avocado” structures with inner and outer forms, brown rectangular structures, or hyphae (Figure
2). However, upon analysis, we used a single measure of colonization: the percent of cortical
cells containing any fungal structures.
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Berry Number, Berry Quality and Seed Number

To examine if visitation and/or the effect of inoculum affected berry number, berry
quality, or seed number, we counted the berries produced by all plants and collected berries from
the same plants from which we collected root samples, as well as 28 additional haphazardly
selected plants at Waterman Orchards, for a total of 59 plants at Aiken Labs and 99 plants at
Waterman Orchards. We haphazardly selected 10 berries from each plant. If a plant had less than
10 berries in all, we collected all of the berries on the plant. In the lab, we weighed the berries,
measured berry sweetness using a refractometer, and counted the number of seeds present in
berries using a dissecting microscope. We counted the number of fully developed seeds and
divided by the total number of developed seeds and unfertilized ovaries to determine the percent
fertilized seeds.

Statistical Methods

We conducted all analysis using R (R Core Team, 2021). To determine if total pollinator
visitation to plants varied between treatments, we recorded the number of visits on each day of
observation (Table 3). We then conducted ANOVA tests to determine: (1) if treatment or cultivar
affected pollinator visitation and (2) if treatment or cultivar affected pollinator behavior at
individual plants. We then averaged response variables for pollinator behavior by plant over the
course of the season to avoid pseudo-replication and to include colonization, for which there was
a single value per plant, as a covariate. Using this plant-averaged data, we conducted ANCOVA

11
tests to determine if treatment, cultivar, or colonization affected pollinator behavior at individual
plants. Explanatory and response variables for all ANOVA and ANCOVA tests are listed in
Table 1.
Pollinator visitation was represented by visits per treatment per day and pollinator
behavior was represented by number of flowers visited per plant, time spent per plant, percent of
flowers visited per plant, visits per flower per hour, and time spent per flower. The percent of
flowers visited was calculated as the number of flowers visited on a plant divided by the total
number of open flowers present on the plant, and visits per flower per hour was calculated as the
total number of flowers visited divided by the number of open flowers on the plants visited and
the duration of time spent observing that block. Visits per flower per hour included only plants to
which visits were recorded. Visits per flower per hour was not calculated at Waterman Orchards,
where there were often multiple bees on the same plant at the same time and it was not possible
to keep track of all of the bees visiting while also recording flower visit durations. To analyze
time spent per flower, plants with average flower visit durations longer than five seconds for
large bumblebees or longer than ten seconds for orange bumblebees were excluded. In all, three
plants were excluded for each site for large bumblebee time spent per flower and five plants were
excluded for the Waterman site for orange bumblebee time spent per flower. Time spent per
plant was not analyzed for large black bees because they often spent more than ten seconds on
average per flower and we did not often see them arrive at plants. At Aiken Labs, there were not
enough orange bumblebees recorded to analyze their visitation. We used a Bonferroni correction
to reduce the probability of making a Type 1 error (Armstrong 2014) with multiple comparisons.
Finally, we conducted ANOVA tests to determine (1) if treatment or cultivar affected
colonization, (2) if treatment, cultivar, or colonization affected berry quantity or quality, and (3)
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if treatment, cultivar, colonization or pollinator visitation affected seed number. Explanatory and
response variables are listed in Table 1.
All ANOVA models were done separately for each site. In ANOVA models, we
transformed all response variables using a logit transformation for proportional data and a log
transformation for count data.

RESULTS

Pollinator Visitation

There were more total visits to inoculated plants than control plants at both Aiken Labs
(146 visits to inoculated plants, 86 visits to non-inoculated plants) and at Waterman Orchards
(414 visits to inoculated plants, 387 visits to non-inoculated plants) (Table 2). Although there
were generally more visits per day to inoculated plants (Table 3), treatment did not significantly
affect the number of visits per day for any visitor type at either site.
Inoculation treatment did not significantly affect the percent of flowers visited or time
spent per flower for any of the three most frequent visitor types before data was averaged by
plant. However, there was a significant interaction between treatment and cultivar at Waterman
Orchards (F2,313=3.988; p=0.0195), such that large bumblebees visited a greater percent of open
flowers on inoculated plants than control plants in Blue Jay but not in the other cultivars.
When data was averaged by plant and colonization was included as a covariate, large
bumblebees spent on average 22% longer on flowers of non-inoculated plants than control plants
at Aiken Labs (F1,22=4.614; p=0.043; Table 4A; Figure 3) and orange bumblebees visited on
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average 74% more flowers on inoculated plants than on non-inoculated plants at Waterman
Orchards (F1,8=6.658; p=0.0326; Table 4B; Figure 4).
At Aiken Labs, large bumblebees visited fewer flowers (F1,23=8.014; p=0.00947) per
plant and spent less time per plant (F1,23=4.470; p=0.0455) on plants with greater fungal
colonization (Figure 5). At the Waterman site, large bumblebees spent longer per plant
(F1,27=4.913; p=0.0353) and visited a greater proportion of the open flowers (F1,36=5.910;
p=0.0202) on plants with greater fungal colonization (Figure 5). The amount of time that large
bumblebees spent per plant was positively correlated with colonization for Elliot but not for any
other cultivars, and the percentage of open flowers they visited was positively correlated with
root colonization for Blue Crop but not for any other cultivars. Thus, there were significant
colonization x cultivar interaction terms explaining time spent per plant (F3,27=3.305; p=0.0352)
and proportion of flowers visited (F3,36=3.591; p=0.0228).

Root colonization with mycorrhizal fungi

At the Waterman site, inoculated plants had higher colonization than control plants
(F1,66=6.118; p=0.016) but at the Aiken site, there was no significant difference in colonization
between treatments.

Berry Number, Berry Quality, and Seed Number

Treatment, cultivar, and colonization did not significantly affect berry number at Aiken
Labs (Table 6). However, there was an interaction between treatment and cultivar (F3,44=3.748;
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p=0.0175) such that berry number was higher on inoculated plants for Blue Ray but not for any
other cultivars.
Treatment, cultivar, and colonization did not significantly affect berry mass or berry
sweetness, nor were there significant interaction terms among these predictor variables.
Treatment, colonization, and large bumblebee visits per flower per hour did not significantly
affect seed number, nor were there significant interaction terms among these predictor variables
or between any of these predictor variables and cultivar.

DISCUSSION

There was a greater number of total visits by pollinators to inoculated plants than control
plants at both farms (146 Inoculated: 86 Control at Aiken; 414 Inoculated: 387 Control at
Waterman). This provides evidence that there may be differences between inoculated and control
plants which matter in pollinator decision-making. Floral traits that may be influenced by
mycorrhizal colonization include floral display and pollen and nectar quality (Bennett and Meek
2020). In blueberry plants, number of total flowers and number of inflorescences may be greater
on inoculated plants than non-inoculated plants (Brody et al. 2019). Floral display or floral
reward differences may explain the differences in pollinator visitation seen at these sites.
However, large bumblebees spent on average 22% longer on flowers of control plants
than on flowers of inoculated plants at Aiken Labs. Increased floral visit durations may have a
positive effect on plant reproduction for non-inoculated plants if longer visits result in a greater
number of pollen grains deposited. There may be a fitness benefit to receiving a greater number
of pollen grains per visit up to a point at which additional pollen grains no longer affect fitness
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(Dogterom et al. 2000). Alternatively, it has been suggested that shorter visits to flowers may be
beneficial to plant reproduction because shorter visits may increase the ability of a pollinator to
visit more flowers, increasing overall pollen dispersal while using up less of the plant’s nectar
resources (Bruinsma et al. 2014). Although the time spent per flower was different for inoculated
and non-inoculated plants, there were no significant differences between treatments in berry
mass or seed set. Thus, plants may not be pollinator limited at these sites and/or pollinators may
deposit sufficient pollen in less time than it takes them to extract resources.
Orange bumblebees visited on average 74% more flowers on inoculated plants than on
control plants at Waterman Orchards. This result, along with that of decreased time spent per
flower by large bumblebees at Aiken Labs, provide evidence that there may be a trade-off
between time spent per flower and total flowers visited. However, these two effects of
inoculation were present at different locations and by different bee types. In some cases, different
species of pollinators respond to different floral characteristics (Gange and Smith 2005). In
addition, it is possible that large bumblebees and orange bumblebees compete with each other
such that the primary competitor may have access to higher-quality plants and use up the floral
rewards of those plants so that other visitor types are left to forage for lower-quality rewards.
Different visitor types can complement each other in terms of benefit to the plant, if for example
they forage at different times or in different weather conditions (Rogers et al. 2013). We
observed orange bumblebees later in the season than large bumblebees, so it is possible that
orange bumblebee visitation may be more important to the fitness of later-flowering cultivars.
In addition to the effects of treatment on pollinator behavior, there was a correlation
between fungal colonization and pollinator behavior at both sites. At Aiken Labs, large
bumblebees spent less time and visited fewer flowers on plants with higher colonization, whereas
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at Waterman Orchards, large bumblebees spent longer and visited a greater proportion of open
flowers on plants with higher colonization. It is possible that the level of colonization affected
floral characteristics in different ways at the two sites, with opposite effects on pollinator
behavior. However, the percent fungal colonization in July, when we collected root samples,
may not be representative of the fungal colonization during flowering, which occurred in May
and June. Each site of nutrient exchange in a root cortical cell is active for about five or six
weeks (Smith and Read 2008). This means that the fungal structures present in the roots at the
time that we sampled them were likely different than those present when the plant was flowering
and different than those present when the plant pre-formed its inflorescence buds the previous
year.
Plant reproductive traits and pollinator behavior may also respond in different ways to
fungal colonization depending on the identity of the fungal species present and the match
between fungal and plant genotypes. There were at least four different classes of fungi present in
the roots at our two sites (Figure 2). Microbe identity, plant identity, and soil management can all
affect the relative benefit to each partner in plant-microbe interactions (Tosi et al. 2020). And in
blueberries, the genotype of the plant affects how plants respond to fungal inoculation with
ErMF (Brody et al. 2019).
ErMF is a category of fungi composed of diverse fungal species, and the identity of the
species in the roots may determine the degree to which mycorrhizal partners benefit plant growth
and reproduction. ErMF have long been understood to be composed of ascomycetes, especially
Hymenoscyphus spp. and Oidiodendron spp. (Smith and Read 2008). However, DNA evidence
has revealed that ericaceous plant species frequently associate with basidiomycetes, and these
associations may be classified as ErMF as well (Allen et al. 2003, Selosse et al. 2007). Fungi in
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the order Sebacinales (Basidiomycota, formerly the genus Sebacina) form endomycorrhizae with
ericaceous plants (Selosse et al. 2007). These interactions may be underreported because
Sebinacinales resist growing in culture: when fungi from the same plants was reproduced using
both DNA cloning and culture, Sebacinales were present in only cloned fungi, whereas Capronia
spp. and Hymenoscyphus ericae (Ascomycota) were present in both culture and DNA analysis
(Allen et al. 2003).
Fungal colonization was greater at Aiken Labs than at Waterman Orchards. It would
make sense that the plants at Aiken Labs, which received less fertilizer and water, would rely
more on their fungal partners. However, the two different sites may not be comparable and could
have had very different soil biomes. There was no clear effect of inoculation on fungal
colonization: inoculated plants had significantly higher colonization than control plants at
Waterman Orchards but not at Aiken Labs. Interestingly, the plants at Waterman Orchards were
inoculated a greater number of years before we took our measurements than those at Aiken Labs
(nine years ago versus five years ago). Perhaps the species of fungi present in the inoculum were
more compatible with the microbial community at Waterman than they were at Aiken, allowing
the inoculated plants to maintain elevated levels of colonization.
Finally, neither treatment nor colonization had a significant effect on berry number, berry
mass, berry sweetness, or seed number. This is inconsistent with previous findings wherein
inoculated plants produced larger and less sweet berries (Brody et al. 2019). Here, large
bumblebee visits per flower per hour did not have a significant effect on seed fertilization. This
is inconsistent with previous findings wherein visitation rate was positively correlated with the
production of fertilized seeds (Nicholson and Ricketts 2019). Visits per flower per hour
represents the behavior of pollinators once they had selected a plant to visit, so it likely that this
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variable did not capture the total likelihood of visitation for a certain plant. In some cases,
blueberry plants with higher rates of bee visitation have increased fruit set (Courcelles et al.
2013, Nicholson and Ricketts 2019) and produce berries that are larger and more uniform,
contain more fertilized seeds, and ripen earlier (Nicholson and Ricketts 2019). Increased seed set
may be related to increased fruit size (Beaudry 1973, Lang and Danka 2019) and decreased
ripening time (Doi et al. 2018, Lang and Danka 2019). In low-intensity agricultural landscapes in
Vermont, alleviating pollinator limitation could lead to large increases in yield (Nicholson and
Ricketts 2019), and small farms may be especially sensitive to yield increases based on
pollinator density (Garibaldi et al. 2016).
Overall, pollinator visitation rate, as well as number of flowers visited per plant and time
spent per flower, were affected by fungal inoculation in site-dependent and visitor-dependent
ways. Our results that root associations with mycorrhizal fungi affected pollinator behavior,
along with results from other research showing that pollination is crucial for plant reproductive
success, provide evidence that plant-fungal associations play an important role in plant
reproduction.
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Table 4: Mean and standard error for all pollinator behavior variables at the Aiken (A) and
Waterman (B) sites. Asterisk indicates variables for which there was a significant (p<0.05) effect
of treatment in ANCOVA test with cultivar, treatment, and colonization as factors. Large
bumblebees spent longer on flowers of non-inoculated plants than on flowers of inoculated
plants at Aiken Labs. Orange bumblebees visited more flowers per plant on inoculated plants
than non-inoculated plants at Waterman Orchards.
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variables.

Figure 1: Bees of the three most common visitor types: large-bodied yellow Bombus spp. (A),
large-bodied andrenids (B), and Bombus ternarius (C). These three bee types were used in
analyses of pollinator behavior at individual plants.

Figure 2: Root cells were categorized visually as being empty or containing hyphal coils (A, B),
dark septate endophytes (DSE) (C, D), “avocado” structures (E, F), brown rectangular structures
(G), or hyphae (H).
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Figure 3: Bar plot comparing time spent per flower by large bumblebees at Aiken Labs. Large
bumblebees spent longer on flowers of control plants than on those of inoculated plants
(F1,22=4.614; p=0.043).

Figure 4: Bar plot comparing the number of flowers visited per plant by orange bumblebees at
Waterman Orchards. Orange bumblebees visited more flowers per plant on inoculated plants
than on control plants (F1,8=6.658; p=0.0326).

Figure 5: Number of flowers visited per plant (A), time spent per plant (B), and proportion of
flowers visited per plant (C) by large bumblebees was correlated with fungal colonization in sitedependent ways. At Aiken Labs, large bumblebees visited fewer flowers (F1,23=8.014,
p=0.00947) and spent a shorter amount of time (F1,23=4.470, p=0.0455) on plants with greater
colonization. At Waterman Orchards, large bumblebees spent more time (F1,27=4.913, p=0.0353)
and visited a greater proportion of flowers (F1,36=5.910, p=0.0202) on plants with greater
colonization.

Figure 6: Percent fungal colonization for each cultivar at each site. At Waterman Orchards,
inoculated plants had higher colonization than control plants (F1,66=6.118; p=0.016) but at Aiken
Labs, there was no significant difference in colonization between treatments.
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